Sandy sediments cover large areas of the shallow ocean, and recent technological developments in marine geochemistry have revealed that these sediments rapidly recycle organic matter and have the potential to play a large role in global biogeochemical cycles (22, 25, 34, 50) . In fine-grained sediments that have been studied more extensively, molecular diffusion limits aerobic and suboxic microbial metabolism to a thin surface layer (26) . In contrast, the high permeability of sands allows for rapid exchange of pore water with the overlying water column, thereby enhancing the transport of microbial substrates into and metabolic waste products out of the sediments. Hydrodynamic forces thus fuel high rates of microbial metabolism in permeable sands while supporting a low microbial abundance and organic matter content (8, 53, 54) . In addition, such drastically different physicochemical parameters are likely to support a microbial community with a composition very different from that in fine-grained sediments. However, the community composition of microorganisms inhabiting permeable sediments is poorly known. A few studies have investigated community composition in permeable sands using lipid biomarkers or fluorescent in situ hybridization (FISH) approaches (8, 31, 54) . To our knowledge, few or no previous studies have examined community composition using genetic cloning/sequencing in marine sands.
Nitrification and denitrification are critical microbially mediated processes in the nitrogen cycle that, when coupled, link the mineralization of nitrogenous compounds to the removal of nitrogen from the continental shelf (11, 28, 59) . Nitrification is a two-step process resulting in the oxidation of NH 3 ϩ and the production of NO 3 Ϫ . The first step of the pathway, the oxidation of NH 3 ϩ to NO 2 Ϫ by ammonia-oxidizing bacteria (AOB), is considered to be the rate-limiting step of nitrification and is catalyzed by the ammonia monooxygenase (Amo) enzyme. The amoA gene, which codes for a subunit of ammonia monooxygenase, has been utilized as a gene target to explore AOB diversity in a variety of marine environments (3, 14, 27, 41, 44) . However, previous studies of amoA in marine sediments have focused on highly impermeable marine muds, which generally contain much higher ammonium concentrations, are low in oxygen content, and are rich in organic matter (3, 9, 14, 41, 43) . To our knowledge, nothing is known about the diversity of nitrifying bacteria in marine sands, and few studies of denitrifiers in comparable environments are available (55) .
Numerous genes associated with denitrification have been identified and studied in detail (reviewed by Philippot [45] ). Previous community-based studies have targeted the nirS and nirK genes, associated with the second step in the denitrification process (5, 6, 30) . While nirS and nirK encode proteins earlier in the denitrification pathway, nosZ, encoding nitrous oxide reductase, is associated with the final step, thus representing the step directly related to the loss of biologically available nitrogen from the environment. Studies have frequently targeted nosZ by molecular techniques to characterize the denitrifying fraction of the microbial community; however, the database for marine sediments remains relatively small, and past studies have often focused on methodological development (42, 47, (55) (56) (57) .
The overall goal of our study was to provide a detailed characterization of microbially diverse communities in an understudied marine sedimentary environment, permeable shelf sands, that plays a substantial role in global biogeochemical cycles. Our work was conducted in combination with a geochemical study, using packed sediment column experiments, of N cycling in permeable sediments (49) . Here we present results from the investigation of diversity in these column experiments and unmanipulated sediment cores collected from the same site. We hypothesized that the stabilization and stratification of redox conditions in the columns would act to increase detectable community diversity and that we would observe a change in community composition across redox boundaries within the columns. Our results have revealed predominant phylotypes that are likely to catalyze carbon and nitrogen cycling in marine sands. Although overall diversity increased in response to redox stabilization and stratification in column experiments, the major phylotypes remained the same in all of our libraries. Our results provide an initial sequence database for the development of improved probes and primer sets to be used in quantifying the metabolically active members of microbial communities in permeable shelf sediments.
MATERIALS AND METHODS
Site and sample description. Sediments were sampled from the South Atlantic Bight (SAB) off the coast of Savannah, Ga. The SAB shelf seafloor is a highenergy, nonaccumulating environment consisting of medium and coarse sands (51) . Sediment and water column parameters at the time of sampling were characterized as follows: porosity, 0.5; median sediment grain size, 500 m; permeability, 4.7 ϫ 10 Ϫ11 m 2 ; range of pore water exchange with surface water, 0 to 4 cm; near-bottom current speed, 30 cm s Ϫ1 ; surface water temperature, 27.5°C; salinity, 36.1 ppt; percent surface PAR (photosynthetically available radiation) at the seafloor, 2 to 10%. The average water depth of the SAB sampling area was 27.9 m.
Sediment cores and grab samples were collected from the surface (depth interval, 0 to 5 cm) at the W27 site of the SAB shelf (31 o 29ЈN, 80 o 26ЈW) in June 2004. A detailed description of the sediment column experiments is presented by Rao and Jahnke (49) . In brief, sediment was homogenized and packed into short (8-cm) and long (32-cm) columns with seawater pumped through the columns from the bottom upward at a constant rate (Fig. 1) . Rates of metabolic activity were quantified from the difference in chemical constituents between the column inflow and outflow according to the continuous-flow method (1) . Columns were constructed on the day of sampling and equilibrated for 6 days to reach steady state. Triplicate inflow and outflow samples were collected once daily over several days for rate determinations. Then 20 M of labeled 15 NO 3 Ϫ was spiked into the column inflow to track microbial nitrogen transformation pathways, and constituents were again sampled. Column pore waters were analyzed for ammonium and nitrate (62) , oxygen (Winkler titration), and total carbon dioxide (alkalinity titration) using standard methods. Aqueous nitrogen gas and nitrogen transformation pathways were quantified as described by An et al. (1) . Total incubation time was 2 weeks prior to sacrificing of sediments for nucleic acid extraction. Sediment was collected adjacent to the inflow and outflow of the short column (SC#1 and SC#3) and the long column (LC#1 and LC#3) (Fig. 1) , as well as from the top 5 cm of duplicate pooled in situ SAB core samples.
DNA extraction and gene analysis. Microbial community DNA was extracted directly from the sediment using the RNA/DNA extraction protocol described by Hurt et al. (23) and then cleaned using a QIAGEN (Valencia, CA) RNA/DNA Midi kit. Bacterial nosZ, amoA, and SSU rRNA genes were amplified by PCR in an Eppendorf (Westbury, NY) Mastercycler EP Gradient PCR machine. The standard PCR mix included 1ϫ PCR buffer containing 1.5 mM MgCl 2 (Takara Bio Inc., Japan), 250 M of each deoxynucleoside triphosphate (Takara Bio Inc., Japan), 1 pmol each of forward and reverse primers, 0.025 U l Ϫ1 rTaq enzyme (Takara Bio Inc., Japan), and distilled H 2 O. To each reaction, 10 to 20 g of DNA was added as a template. Primer sequences and PCR conditions are listed in Table S1 in the supplemental material. PCR products were cleaned using a QIAGEN (Valencia, CA) PCR purification kit and cloned using a TOPO TA cloning kit (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions. Cloned inserts were amplified using the PCR conditions described above. However, for the SSU rRNA gene clones, the vector-specific primers M13F and M13R (37) were used to avoid amplification of host Escherichia coli SSU rRNA genes. The M13 primer sequences and PCR conditions are reported in Table S1 in the supplemental material. Clones were screened and grouped into phylotypes using restriction fragment length polymorphism (RFLP) as described by Mills et al. (38) , except that restriction enzymes HaeIII (New England Biolabs, Inc., Beverly, MA) and MspI (Promega, Madison, WI) were used in this study. Select clones were sequenced using an Applied Biosystems 3100 genetic analyzer at the Florida State University sequencing facility. For the percentage of similarity to previously reported sequences as determined by BLAST analysis and frequency of detection for each phylotype, see Tables S2 to S4 in the supplemental material. Phylogenetic and statistical analyses. Clone sequences were checked for chimeras using Chimera Check from Ribosomal Database Project II (33) . Sequences from this study and reference sequences, as determined by BLAST analysis, were subsequently aligned using the Fast Aligner algorithm in the ARB package (63) . All alignments were then visually verified and adjusted by hand according to the E. coli SSU rRNA secondary structure. Neighbor-joining trees incorporating a Jukes-Cantor distance correction were created from the alignments using the ARB software package (63) . An average of 500 (i.e., amoA) to 1,000 (i.e., SSU rRNA and nosZ clones) nucleotides were included in the phylogenetic analyses. Bootstrap data represented 1,000 samplings. Rarefaction analysis, based on equations described by Heck et al. (17) , was included as Fig.  S1 in the supplemental material. Sorensen's (1/D) and Shannon-Wiener indices were calculated using standard equations. Species richness was determined by EstimateS (10, 12, 13) . Additional statistical estimators, including gene (40) and nucleotide (40, 64) diversity and () (64), were calculated using Arlequin (58) .
Nucleotide sequence accession numbers. The 88 nucleotide sequences were submitted to the GenBank database under accession numbers DQ289896 to DQ289983.
RESULTS

Sediment sampling and geochemical determinations.
The composition of the community of Bacteria in the SAB was determined by SSU rRNA gene, nosZ, and amoA phylogenetic analyses of DNA-derived clone libraries extracted from sediments in two flowthrough columns and two sediment cores. Extracted DNA concentrations were comparable for all four column samples, i.e., SC#1, SC#3, LC#1, and LC#3, and the homogenized core sediment, designated SAB core (data not shown).
Rapid microbial mineralization of organic matter in SAB sediments was indicated by oxygen consumption and the pro- duction of CO 2 in column experiments ( Table 1 ). The shortand long-column experiments had pore water residence times of 3 and 12 h, respectively. Flow rates in the columns were adjusted to mimic pore water exchange rates measured at the site. Oxygen consumption in the columns increased with residence time of the column, resulting in O 2 concentrations at the outflow of 54.5 M and 8.3 M for the short and long columns, respectively. Oxygen concentration decreased linearly with column height between the inflow and outflow. Therefore, strong oxygen gradients were observed in all columns, and the longcolumn outflow was nearly anoxic. A hydrogen sulfide odor was detected in the outflow from the long columns, and a black precipitate, indicative of iron sulfide, was observed on the outflow tubing. Nitrate release in the short column indicated net regeneration or ammonification followed by nitrification, while no nitrate was detected in the outflow of the long column (Table 1) . Nearly all nitrogen in the outflow was in the form of 28 N 2 , indicating that the majority of regenerated N was being denitrified. Further, little or no NH 4 ϩ , N 2 O, 29 N 2 , or 30 N 2 accumulated in the column outflow (Table 1) , ruling out other N transformation pathways (dissimilatory nitrate reduction to ammonium or anammox [1] ). Upon enrichment with 15 NO 3 Ϫ , nearly all of the labeled nitrate was consumed in the long columns while only slight consumption was observed in the short columns. Little to no change in the ammonium concentration was observed in all column treatments. Production of 28 N 2 indicated that nitrification and denitrification were actively occurring and tightly coupled in the short columns, and 28 N 2 flux was not impacted by 15 NO 3 Ϫ addition. Thus, coupled nitrification-denitrification was confirmed as a critical component of the marine N cycle in marine sands, representing a primary pathway for N removal from these ecosystems.
Geochemical constituents in SAB sediments at the W27 sampling site more closely resembled those observed in our short-column experiments. Pore water nitrate and ammonium concentrations in the surface sediments (depth, 0 to 5 cm) were in the low micromolar range over a seasonal cycle (34) . Pore water oxygen concentrations ranged from 200 M to nearanoxia, decreasing with sediment depth (34).
RFLP and statistical analyses of clone libraries.
Fifteen clone libraries constructed from SC#1, SC#3, LC#1, LC#3, and SAB core sediments resulted in a total of 309 SSU rRNA gene clones, 291 nosZ clones, and 202 amoA clones belonging to Bacteria. Clones were analyzed and grouped into phylotypes according to observed RFLP patterns. The total percent coverage of all five SSU rRNA gene clone libraries was nearly 88%, with individual library coverages ranging from 58 to 89%, with the exception of SC#1 (41%) ( Table 2 ). The total percentages of coverage for the nosZ and amoA clone libraries were 93 and 99%, respectively (data not shown), with individual clone library percentages of coverage ranging from 66 to 89% for nosZ and 98 to 100% for amoA ( Table 2) . Rarefaction curves for the combined SSU rRNA gene and nosZ libraries, and the combined and individual amoA gene libraries, suggested that a sufficient number of clones were sampled to represent the diversity of these particular libraries. The rarefaction curves for the SSU rRNA and nosZ genes in SC#1, SC#3, LC#1, LC#3, and SAB core libraries did not indicate saturation; however, numerically dominant RFLP groups were observed. Estimation of species richness indicated that all of the column-derived SSU rRNA and nosZ gene libraries were more diverse than libraries from the SAB cores (Table 2) . Shannon-Wiener and 1/D indices indicated a significant difference between the four column samples and the SAB core for both the SSU rRNA gene (P Յ 0.05) and the nosZ gene (P Ͻ 0.01). Similar nucleotide and gene diversity, evenness, and () were calculated for all SSU rRNA and nosZ gene clone libraries ( Table 2 ). All statistical estimators, including rarefaction and species richness, indicated low diversity in the five amoA gene clone libraries (Table 2) . Shannon-Wiener and 1/D indices did not indicate a significant difference in diversity between the five amoA-derived clone libraries (P Ͼ 0.10).
Phylogenetic analysis based on the SSU rRNA gene. Sequence analysis of 48 of the 88 SSU rRNA gene phylotypes (phylotypes comprising more than a single clone; 257 total clones) indicated 10 distinct phyla, with a majority of the sequences most closely related to uncultured lineages from marine environments. The most frequently detected phylum was Proteobacteria, comprising 42% of the total SSU rRNA gene clones, with Alphaproteobacteria-related clones alone comprising 23% (Fig. 2) . Planctomycetes (11%), Actinobacteria (7%), and Cyanobacteria (8%) comprised approximately one-third of all SSU rRNA gene clones (Fig. 2) . The other four lineages detected (Acidobacteria, Bacteroidetes/Chlorobi, Chloroflexi, and Firmicutes) comprised between 1 and 6% of all SSU rRNA gene clones (Fig. 2) . Interestingly, clone sequences most closely related to the class Betaproteobacteria were not detected. Two separate distance-based neighbor-joining trees were constructed with the 19 Proteobacteria-and 27 non-Proteobacteria-related sequences from this study and reference sequences from the GenBank database ( Fig. 3 and 4) . The Proteobacteria-related clones grouped into three classes, i.e., Alpha-, Delta-, and Gammaproteobacteria. Of the 19 phylotypes, 4 were most closely related to Deltaproteobacteria and, with the exception of phylotype SC1-40, grouped within two families, Desulfarculaceae and Desulfobulbaceae, of the order Desulfobacterales (Fig. 3) . No similar taxonomic level could be determined for phylotype SC1-40; however, it was the most frequently detected Deltaproteobacteria-related phylotype and the only one to be detected in the SAB core sediment. Only 31% of the deltaproteobacterial clones were found in the SC#1 and LC#1 samples, compared to 63% found in the SC#3 and LC#3 samples, with no single sediment-related phylotype found in all five clone libraries. Phylotype SC3-7, the second most frequently detected of the phylotypes, was detected only in the two outflow samples, SC#3 and LC#3 (Fig. 3) .
A total of 7 of the 19 Proteobacteria-related phylotypes grouped within the class Gammaproteobacteria (Fig. 3) . Compared to the deltaproteobacterial phylotypes, the Gammaproteobacteria-related phylotypes were more diverse, representing multiple families and unclassified lineages. Although four phylotypes, represented by clones SC3-2, SC3-20, SC1-14, and LC3-5, grouped into a clade with no sequences from cultured isolates (Fig. 3) , phylotypes SC3-2 and SC1-14 were most closely related to clone sequences associated with sulfur-oxidizing symbionts (32) and SC3-20 was most closely related to a nitrogen-fixing symbiont (67) . Phylotypes SC3-2 and SC3-20 were two of the three most frequently detected phylotypes and were the only Gammaproteobacteria-related phylotypes to be detected in the SAB core.
The remaining eight Proteobacteria-related phylotypes were most closely related to the class Alphaproteobacteria and represented 23% of the total SSU rRNA gene clones. As with the Delta-and Gammaproteobacteria-related clones, the phylotypes that were most frequently detected overall were detected in the SAB cores. A total of 5 of the 8 phylotypes grouped within the order Rhodobacterales and the family Rhodobacteraceae, including the two most numerically dominant phylotypes, represented by clones LC1-31 and LC1-30. Phylotype LC1-35 clustered with Hyphomicrobium denitrificans strain DSM 1869 within the order Rhizobiales and family Hyphomicrobiaceae (Fig. 3) . Hyphomicrobium denitrificans strain DSM 1869 was previously characterized as a facultative methylotroph capable of denitrification (48) . Phylotypes LC1-34 and LC1-28 clustered with Nubeena 268, an uncultured marine sediment bacterium (unpublished data), in a clade distinct from the other orders of Alphaproteobacteria on the tree, as supported by strong bootstrap values (Fig. 3) .
A second distance-based neighbor-joining tree was constructed with 27 non-Proteobacteria-related phylotypes grouping into seven phyla (Fig. 4) . As with the Proteobacteria-related phylotypes, a majority of sequences collected were closely related to noncultured environmental clones from numerous marine habitats. Of the 27 non-Proteobacteria-related phylotypes, 10 grouped within the phylum Planctomycetes. With the exception of phylotypes SC3-3 and SC1-36, all of the phylotypes related to Planctomycetes were Ͻ97% similar to any previously identified SSU (Fig. 4) . Phylotype LC1-32, the most frequently detected phylotype related to Planctomycetes, was detected in both inflow sediment samples and the SAB core sediment. The remaining FIG. 3 . Phylum Proteobacteria neighbor-joining phylogenetic tree, incorporating a Jukes-Cantor distance correction, of SSU rRNA genes from SC#1, SC#3, LC#1, LC#3, and SAB samples. Sequences from this study and close relatives were aligned using the Fast Aligner algorithm, verified by hand, and compared to the E. coli SSU rRNA secondary structure using the ARB software package. Bootstrap analyses were conducted on 1,000 samples, and percentages greater than 50% are indicated at the nodes. Methanococcus maripaludis was used as the outgroup. Bar, 0.10 change per nucleotide position. 4 . Nonproteobacterial neighbor-joining phylogenetic tree, incorporating a Jukes-Cantor distance correction, of SSU rRNA genes from SC#1, SC#3, LC#1, LC#3, and SAB samples. Sequences from this study and close relatives were aligned using the Fast Aligner algorithm, verified by hand, and compared to the E. coli SSU rRNA secondary structure using the ARB software package. Bootstrap analyses were conducted on 1,000 samples, and percentages greater than 50% are indicated at the nodes. Methanococcus maripaludis was used as the outgroup. Bar The four cyanobacterium-related phylotypes (8% of the total clones) grouped into two clades (Fig. 4) . Phylotypes SC1-42 and SC3-19 clustered within the order Chlorococcales and were most closely related to the nitrogen-fixing Cyanobacterium sp. strain MBIC10216 (94%) (unpublished data) and Cyanothece sp. strain PCC 8801 (97%) (66) . The remaining two phylotypes, represented by clones LC3-54 and SC3-15, were most similar (both 97%) to chloroplast DNA sequences from the diatoms Haslea salstonica and Bacillaria paxillifer, respectively (unpublished data).
Four additional non-Proteobacteria-related phylotypes grouped within the two gram-positive phyla, Actinobacteria and Firmicutes. Although all three phylotypes related to Actinobacteria (7% of the total SSU rRNA clones) were detected in the SC#3 and SAB core clone libraries, only phylotype SC1-10, the most frequently detected phylotype related to Actinobacteria, was detected in all five clone libraries. The only phylotype related to Firmicutes, SC3-18, had limited similarity to Fusibacter paucivorans (90%) (Fig. 4) .
The remaining nine non-Proteobacteria-related phylotypes represented the phyla Acidobacteria and Chloroflexi and the superphyla Bacteroidetes/Chlorobi (Ͻ17% of total clones). The four phylotypes related to Acidobacteria grouped within the class Acidobacteria, order Acidobacteriales, and family Acidobacteriaceae. Phylotype LC3-65, the most frequently detected phylotype related to Acidobacteria, was also the only phylotype related to Acidobacteria that was detected in the SAB core clone library. The only phylotype related to Chloroflexi, LC1-24 (4% of the total SSU rRNA clones), branched into a clade with the nitrogen-fixing Dehalococcoides ethenogenes strain 195 (36, 60) . A total of four phylotypes grouped into the superphyla Bacteroidetes/Chlorobi. The most numerically dominant phylotype related to Bacteroidetes, SC3-56, was 92% similar to an uncharacterized endosymbiont (unpublished data). The only phylotype related to Chlorobi, LC3-28, branched into a clade with a green sulfur bacteria, Chlorobaculum thiosulfatiphilum strain 6230 (Fig. 4) .
Phylogenetic analysis based on the nosZ gene. Representatives of 37 of the 65 total phylotypes, i.e., the phylotypes comprising more than a single clone, were sequenced and analyzed (238 total nosZ-derived clones). The percentage of similarity for all phylotypes to previously identified sequences ranged from 79 to 88%; however, intralibrary sequence similarity ranged from 48 to 99%. Interestingly, 6 of the 10 most frequently detected phylotypes were identified in each of the five clone libraries. Only six phylotypes were detected in a single clone library, and none of these phylotypes contained more than three clones.
A distance-based neighbor-joining tree was constructed with the 37 nosZ sequences collected in this study (Fig. 5) . Although nosZ has been detected in Beta-and Gammaproteobacteria, all sequences from this study were most closely related to nosZ genes from the class Alphaproteobacteria (Fig. 5) . Several deepbranching clades were composed solely of clones from this study (Fig. 5) . The largest clade incorporated 21 of the 37 phylotypes (57% of the total nosZ clones) and was most similar to a nosZ clone, ProR, identified from San Clemente Island, California (55) (Fig. 5) .
Phylogenetic analysis based on the amoA gene. Analysis of the 202 amoA clones obtained from the four column samples and the in situ core indicated relatively low phylogenetic diversity. Representatives from all three phylotypes were sequenced and analyzed. Phylotypes LC1AG-1 and SC3AG-1 were detected in all five clone libraries and represented 99% of the total amoA clone sequences. Phylotype SC1AG-11 was found only in SC#1 and represented one clone.
A distance-based neighbor-joining tree was constructed with the three amoA sequences from this study (Fig. 6 ). All three sequenced clones clustered within the betaproteobacterial amoA group and branched into a large clade of environmental clones (Fig. 6) , distinct from previously identified Nitrosomonas and Nitrosospira amoA clades. All three sequenced clones were 96 to 97% similar to clone A10-99-S-15 from Monterey Bay (44) . Interestingly, all three phylotypes branch into their own clades, with an intralibrary sequence similarity of 96 to 98% (Fig. 6) .
DISCUSSION
Past studies have hypothesized that severe hydrodynamic conditions, lower specific surface area, lower organic-matter content, and higher predation pressure contribute to lower bacterial abundance and a fundamentally different microbialcommunity composition in marine sands (8, 31, 53) . Permeable sands undergo rapid pore water exchange, resulting in physically unstable environments that tend to diminish the geochemical gradients, which are thought to stratify microbial communities in fine-grained muddy sediments. We examined microbial activity and diversity in understudied continental shelf sands from the South Atlantic Bight off the coast of Georgia. In corroboration of results from group-specific FISH probes (8, 31, 54) applied to similar sedimentary environments, we observed abundant phylotypes affiliated with the phylum Proteobacteria (classes Alpha-, Delta-, and Gammaproteobacteria). In addition, phylotypes related to Planctomycetes, Actinobacteria, Acidobacteria, Bacteroidetes/Chlorobi, and Firmicutes, all of which are commonly found in less permeable sediments of the deep sea and estuaries, were detected (2, 4, 29, 32, 35, 46, 65) . As is often the case in environmental sequence analysis, the majority of phylotypes we detected were not closely related to any cultivated representatives, and the sequences of several microbial groups were detected which have not been observed in past studies of permeable sands. We conclude that the microbial diversity of permeable sands has FIG. 5. Neighbor-joining phylogenetic tree, incorporating a Jukes-Cantor distance correction, of nosZ genes from SC#1, SC#3, LC#1, LC#3, and SAB samples. Sequences from this study and close relatives were aligned using the Fast Aligner algorithm and verified by hand using the ARB software package. Bootstrap analyses were conducted on 1,000 samples, and percentages greater than 50% are indicated at the nodes. Ralstonia eutropha strain H16 was used as the outgroup. Bar, 0.10 change per nucleotide position.
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MICROBIAL DIVERSITY IN PERMEABLE SHELF SEDIMENTS 5697 just begun to be revealed, and thus our clonal analysis provides a solid sequence database for the development of improved genetic probes designed to quantify the metabolically active microbial groups in these poorly studied but biogeochemically significant ecosystems. In addition, the data presented here suggest that previous reports may have underestimated sandysediment microbial diversity due to the fact that numerous lineages are below detection limits. Phylogenetic diversity was shown to be relatively constant and consistent with geochemical determinations in column experiments designed to mimic in situ carbon and nitrogen flow. Sands in column experiments were exposed to a stable, redoxstratified environment for a 2-week incubation period. Changes in pore water geochemistry were observed by consumption of oxygen and production of N 2 , TCO 2 , Mn(II), Fe(II), and sulfide. In contrast, organic-matter degradation and coupled nitrification-denitrification, as indicated by total CO 2 and N 2 production, did not differ substantially between the column experiments (Table 1) (49) . Similarly, microbial community diversity remained relatively constant between column experiments and across geochemical gradients within the columns. Abundant phylotypes of all gene targets remained relatively the same across large gradients in oxygen content and nitrogen species, with the exception of an increase in deltaproteobacterial sequences affiliated with S-transforming microorganisms from the inflow to the outflow of the long columns. From these results, it appears that column experiments provide a fairly accurate representation of the in situ microbial diversity of permeable shelf sediments.
The observed stable diversity may be a result of microbial community adaptations to large fluctuations in physicochemical parameters in permeable sands. Alternatively, due to the low organic-matter content and potentially low growth rates, cloning/sequencing targeted to DNA may not be sensitive enough to detect community change even after a 2-week incubation period. Further analysis using redesigned probes from our sequence database will be required in order to confirm the ecological significance of our observations.
A surprising observation was that denitrification occurred under largely oxic conditions in the bulk phase of the short FIG. 6 . Neighbor-joining phylogenetic tree, incorporating a Jukes-Cantor distance correction, of amoA genes from SC#1, SC#3, LC#1, LC#3, and SAB samples. Sequences from this study and close relatives were aligned using the Fast Aligner algorithm and verified by hand using the ARB software package. Bootstrap analyses were conducted on 1,000 samples, and percentages greater than 50% are indicated at the nodes. Nitrosococcus oceani C-113 was used as the outgroup. Bar, 0.10 change per nucleotide position. (52) , and some strains show enhanced rates of aerobic denitrification at low oxygen concentrations (16) . Column experiment results show that this process could be significant in permeable shelf sands. Therefore, as suggested by previous geochemical studies (7), denitrification, typically an anoxic process, may occur aerobically or within anaerobic microniches of otherwise aerobic sediment within the columns. Such microniches may have provided an environment suitable for denitrifiers that were below detection limits in the in situ SAB core to be identified in clone libraries from the sediment columns.
Microbial diversity was lower in the SAB core clone libraries than in the libraries constructed from column inflow and outflow sediment DNA extracts, as determined by species richness, the Shannon-Wiener index, and the reciprocal of Simpson's index (Table 2) . Although less diverse, clones from the SAB corederived library grouped into 10 of the 11 total phyla detected, including the most frequently detected phylotype in each of those phyla. Thus, the lack of SAB core library diversity was in the detection of multiple phylotypes within each phylum, not in a lack of phyla, as was supported by similar gene and nucleotide diversity indices for all libraries.
The lower diversity of the SAB core clone libraries may be explained by the geophysical properties of the shelf sediments. The highly permeable sediments of the South Atlantic Bight experience rapid, tidally driven bottom currents and migrating sediment wave forms (24) . Tidal currents across migrating wave forms create variable advective flow rates into the sediments over short periods (20, 21, 61) . Such frequently changing environmental conditions have been shown to restrict bacterial population growth (53) , keeping some lineages below detection limits by standard cloning and sequencing techniques. Therefore, we hypothesized that, within the microbial community, the detectable diversity would expand in response to the creation of a stable redox interface in the columns. Interestingly, only one Deltaproteobacteria-related phylotype was detected in the SAB core clone library. However, in stable, stratified columns, numerous Deltaproteobacteria-related phylotypes were detected and were related to both aerobic sulfur oxidizers and anaerobic sulfate reducers. Therefore, a more complete description of the metabolic potential of the SAB permeable sediments was achieved by examining the microbial diversity across redox-stabilized geochemical gradients within the columns. By quantitative techniques with lower detection limits, future analysis of in situ core sediments from specific redox zones will be used to support our conclusions indicating additional diversity within the column libraries.
While the column experiments provided a means to detect a wider range of phylogenetic groups, some groups may have been overrepresented or, conversely, remained below detection limits. For example, although nitrification activity was demonstrated in geochemical determinations, nitrifying Betaproteobacteria-related phylotypes were absent in the SSU rRNA gene libraries from either the SAB core or column sediments. The presence of nitrifiers within the SAB sediments was indicated initially by amoA clonal analysis and then confirmed by amplification and cloning of SSU rRNA gene amplicons using primer sets specific for known nitrifiers (data not shown). As in other studies of marine environments (2, 4, 19, 35, 38, 39, 65) , Betaproteobacteria-related phylotypes, a group that plays a critical role in ecosystem function, were in low abundance. In our study, the lack of Betaproteobacteria-related phylotypes is believed to be the result of these taxa being below our detection limits rather than being absent, and thus these taxa are underrepresented in our SSU rRNA-derived clone libraries. This conclusion is supported by FISH studies that show a decreased abundance and detectability of major microbial taxa in marine sands in comparison to muds (8, 31, 53) .
Using amoA sequence analysis, we determined that the AOB in permeable shelf sediments were most similar to sequences retrieved during past studies of marine environments, primarily the water column of Monterey Bay and a variety of estuarine sediments (3, 44) . Although our amoA sequences were not closely related to any amoA genes from cultured AOB, all phylotypes were affiliated with Nitrosospira spp., providing further evidence that this AOB group is ubiquitous in marine sediments (3, 14, 41) . A number of physicochemical factors, including porosity, salinity, and ammonium and oxygen concentrations, have been implicated in the control of AOB species distribution in sediments (18) . Salinity, in particular, was shown to correlate with changes in amoA sequence diversity in estuarine sediments (3, 14) . In corroboration of the work of Bernhard et al. (3), we observed an AOB community that exhibited relatively low diversity at a high-salinity site. In addition, the most abundant amoA phylotypes in our study were most closely affiliated with environmental clones from sites where the salinity did not deviate from that of full-strength seawater (3, 44) .
Interestingly, sediment manipulation and redox stabilization in the column experiments did not increase AOB community diversity, and our results suggest that other environmental parameters beyond salinity warrant further study. All previous studies of AOB diversity focused on marine muds that contained high porosity, low oxygen tension, and much higher ammonium concentrations relative to the sands we studied (3, 14, 41) . The majority of phylotypes from these muddy sediments formed a separate sister clade in comparison to the sequences we retrieved. The detection of nearly identical phylotypes from physicochemically different marine environments emphasizes the need for further cultivation of AOB that are well represented in clone libraries but underrepresented in culture collections. Physiological characterization of new marine isolates would greatly aid in predicting niche differentiation and resource exploitation.
In contrast to the lack of diversity observed in the amoAderived clone libraries, the diversity estimations for denitrifiers in the nosZ-derived clone libraries approached the levels of diversity established for the SSU rRNA gene-derived clone libraries. Although SSU rRNA gene libraries contained clones related to Gammaproteobacteria, those clones were Ͻ93% similar to any known denitrifiers. Therefore, it is not surprising that no nosZ-derived clones were related to Gammaproteobacteria and all were related to previously identified sequences from the Alphaproteobacteria. Based on this analysis, both SSU rRNA and nosZ gene sequence data indicated that Alphaproteobacteria are an important microbial group in permeable shelf sediments. Although the intralibrary nosZ sequence sim- VOL. 72, 2006 MICROBIAL DIVERSITY IN PERMEABLE SHELF SEDIMENTS 5699 ilarity was as low as 52% between some clone sequences, all contained characteristic histidine residues (69) . Therefore, these sequences may be assumed accurate, although the limited relatedness to previously identified alphaproteobacterial sequences will require characterization of nosZ genes from cultured isolates to determine the appropriate host taxa. Additionally, some sequences within our libraries were 99% similar; however, we interpreted these sequences as separate phylotypes based on RFLP phylotyping. Regardless, this study represents a significant contribution of nosZ sequences to a relatively small database from marine sediments. Similar high levels of nosZ diversity were previously reported by Scala and Kerkhof (55) when characterizing denitrifiers in the coastal sediments of New Jersey and San Clemente Island. However, as indicated by the statistical estimators in this study, increased nosZ diversity was detected within the column sediments. Thus, by stabilizing the geochemical gradients within the sediment columns, allowing community stratification, increased diversity was identified not only in the total microbial community but also in the fraction associated with denitrification.
